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Abstract
Membrane proteins, including viral envelope glycoproteins, may be organized into areas of locally high concentration, commonly
referred to as membrane microdomains. Some viruses bud from detergent-resistant microdomains referred to as lipid rafts. However,
vesicular stomatitis virus (VSV) serves as a prototype for viruses that bud from areas of plasma membrane that are not detergent resistant.
We developed a new analytical method for immunoelectron microscopy data to determine whether the VSV envelope glycoprotein (G
protein) is organized into plasma membrane microdomains. This method was used to quantify the distribution of the G protein in
microdomains in areas of plasma membrane that did not contain budding sites. These microdomains were compared to budding virus
envelopes to address the question of whether G protein-containing microdomains were formed only at the sites of budding. At early times
postinfection, most of the G protein was organized into membrane microdomains outside of virus budding sites that were approximately
100–150 nm, with smaller amounts distributed into larger microdomains. In contrast to early times postinfection, the increased level of G
protein in the host plasma membrane at later times postinfection led to distribution of G protein among membrane microdomains of a wider
variety of sizes, rather than a higher G protein concentration in the 100- to 150-nm microdomains. VSV budding occurred in G
protein-containing microdomains with a range of sizes, some of which were smaller than the virus envelope. These microdomains extended
in size to a maximum of 300–400 nm from the tip of the budding virion. The data support a model for virus assembly in which G protein
organizes into membrane microdomains that resemble virus envelopes prior to formation of budding sites, and these microdomains serve
as the sites of assembly of internal virion components.
© 2003 Elsevier Science (USA). All rights reserved.
Keywords: Membrane microdomains; VSV; Glycoprotein; Electron microscopy; Virus budding; Virus assembly
Introduction
It is widely believed that most membrane proteins, in-
cluding viral envelope proteins, are not randomly distrib-
uted in host plasma membranes. Instead they may be orga-
nized into areas of locally high concentration referred to as
microdomains (Edidin, 1997; Sheets et al., 1995). Lipids
and/or proteins have the potential to create these microdo-
mains. The best evidence for the existence of membrane
microdomains involves membrane regions enriched in
sphingolipids and cholesterol referred to as lipid rafts. These
membrane microdomains are characterized by their insolu-
bility in detergents like Triton X-100 at low temperatures
(Brown and Rose, 1992) or by their ability to undergo
patching or capping upon cross-linking of their glycolipids
such as GM1 (Harder et al., 1998). The envelope glycopro-
teins of several viruses, including influenza virus and mea-
sles virus, have been shown to partition into these lipid rafts,
which then serve as sites of virus assembly (Ali et al., 2000;
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Manie et al., 2000; Nguyen and Hildreth, 2000; Pickl et al.,
2001; Scheiffele et al., 1997; Zhang et al., 2000). However,
the evidence for localization of proteins in microdomains,
especially outside the area of lipid rafts, is sometimes very
indirect and often controversial.
We present here a new method for analysis of immuno-
electron microscopy data to detect membrane microdomains
containing viral envelope proteins that are not raft associ-
ated. Our method of analysis is sufficiently general that it
can be applied to any membrane protein, regardless of
whether or not it is raft associated. This electron microscopy
approach to studying membrane microdomains may provide
some advantages over other methods, since most estimates
of the size of membrane microdomains, such as lipid rafts
(approximately 70 nm), suggest that they are too small to be
resolved by light microscopy (Varma and Mayor, 1998).
We used our electron microscopic method to analyze cells
infected with the prototypic rhabdovirus, vesicular stomati-
tis virus (VSV), which encodes a single envelope glyco-
protein, G protein. While some experiments suggest that the
VSV G protein can exist in lipid rafts (Harder et al., 1998;
Pickl et al., 2001), most of the evidence suggests that VSV
buds primarily from nonraft membrane microdomains. For
example, the envelope of VSV contains a low concentration
of detergent-insoluble protein and lipids (Scheiffele et al.,
1999). In fact, VSV G protein is often used as a negative
control in experiments to isolate proteins that do reside in
lipid rafts (Vincent et al., 2000; Zhang et al., 2000).
It is hypothesized that membrane microdomains serve as
platforms for concentrating viral glycoproteins during the
process of virus assembly to ensure their efficient incorpo-
ration into virus particles. The goal of the experiments
described here was to determine whether the VSV G protein
is organized into membrane microdomains that resemble
virus envelopes in size and density in areas of the host
plasma membrane outside of virus budding sites. Alterna-
tively, the membrane microdomains that will become the
virus envelope may be formed only during the process of
virus budding. In the experiments presented here, immuno-
gold-labeling electron microscopy was used to analyze the
distribution of the G protein in areas of plasma membrane
outside of virus budding sites, as well as at the site of virus
budding. The data showed that G protein was organized
predominantly into membrane microdomains with diame-
ters of approximately 100–150 nm in areas of plasma mem-
brane outside of virus budding sites. Microdomains with
larger sizes were more prevalent at later times postinfection,
compared to earlier times postinfection. The distribution of
G protein in these microdomains was similar to the distri-
bution of G protein in envelopes of budding virions. The
data support a model for virus assembly in which, prior to
formation of budding sites, G protein partitions into mem-
brane microdomains, which then serve as the sites of as-
sembly of internal virion components. The changes in G
protein distribution during infection establish the principle
that viral envelope glycoproteins can exist in multiple types
of membrane microdomains, depending on their level of
expression. This result provides a basis for understanding
phenotypic mixing of VSV with membrane proteins that
partition into different types of membrane microdomains.
Results
Immunoelectron microscopy analysis of proteins in
plasma membrane microdomains
We developed a new analytical method for analysis of
immunoelectron microscopy data to quantify the organiza-
tion of viral envelope proteins into nonraft membrane mi-
crodomains, which is described in detail in the appendix.
This method was used to analyze the organization of the
VSV G protein into microdomains in regions of the plasma
membrane outside of virus budding sites, in order to deter-
mine the size of G protein microdomains at two times
postinfection, 4.5 and 8 h postinfection (hpi). Baby hamster
kidney (BHK) cells were infected with VSV, and at 4.5 or
8 hpi, cells were fixed and immunolabeled with an antibody
against the G protein and a secondary antibody conjugated
to 5-nm gold beads. The fixation protocol was optimized to
preserve immunoreactivity of G protein. Similar protocols
have been used previously to analyze G protein surface
labeling, and do not appear to alter the distribution of
membrane proteins in microdomains visible by fluorescence
or electron microscopy (Johnson et al., 1998; Kozak et al.,
2002). Twenty-five electron micrographs of areas of plasma
membrane that did not contain virus budding sites were
collected in each of two separate experiments (50 micro-
graphs total). The micrographs were taken of arbitrarily
chosen areas of membrane, and areas of membrane contain-
ing virus budding sites were excluded from the analysis.
A representative micrograph from 4.5 hpi is shown in
Fig. 1A. Four gold particles are visible in this micrograph.
However, it is not clear whether all four gold particles are
present in a single microdomain or whether they reflect
multiple smaller microdomains. This problem was ad-
dressed by analyzing gold particles in all of the micrographs
to determine the average distribution of G protein into
membrane microdomains. A pairwise measurement was
made of the distance traced along the plasma membrane
between each gold particle and every other gold particle to
its right in the micrograph. The trace of the plasma mem-
brane is depicted in Fig. 1A with the white circles indicating
where each gold bead was registered in the measurement.
This pairwise comparison is indicated for one of the gold
particles in the micrograph. These measurements generated
a data set of distances between all of the gold particles in all
50 micrographs. This data set was plotted as a histogram of
the number of gold particles separated by a given distance
on the y-axis versus the distance of separation on the x-axis
in 20-nm increments. The y values in this histogram were
normalized by dividing by the number of gold particles
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analyzed, so that the y values were expressed as an average
number of gold particles per 20-nm increment.
Fig. 1B is a model to illustrate the method of data
analysis. The figure represents the gold particle distribution
in the plasma membrane as viewed from above. The black
dots represents the gold particles that label the G protein at
the cell surface; the gray circular areas indicate membrane
microdomains that contain high concentrations of the G
protein surrounded by the white areas containing a low
concentration of G protein; the thin white rectangle repre-
sents the thin sections of the cells that are analyzed by
electron microscopy. These thin sections are a slice through
the plasma membrane that will produce a sample containing
both low-density areas of membrane as well as the microdo-
mains that are enriched in G protein. The boxes throughout
the white rectangle represent the 20-nm windows used to
analyze the pairwise distance measurements between the
gold particles. For each particle within the microdomain
there is a high concentration of G protein within 20 nm.
However, for gold particles that lie within the last window
of the microdomain or for those particles that lie outside the
microdomain, there is a low concentration of G protein
within 20 nm. The y-intercept in the histogram in Fig. 1C is
the concentration of G protein within 20 nm, expressed as
an average of all gold particles. Since nearly all of the gold
particles within the microdomain have a high concentration
of G protein within 20 nm, this serves to raise this average
much higher than the average concentration of G protein in
the membrane as a whole. The value of this Y-intercept is
dependent on both the density and the percentage of G
protein in the high- versus low-density areas of membrane.
If we next consider a 20-nm window at a large distance
compared to the size of the domain, 1 m, for example, for
any particle within the domain, a distance of 1 m away is
outside of the domain. In some images, this will be a
low-density area of membrane, but in others it will be
another microdomain that contains a high density of G
protein. Taken together, these data will average to the av-
erage density of G protein in the entire plasma membrane.
In Fig. 1C, the average density is represented by a straight
line of zero slope.
Next, consider a 20-nm window at a distance that is half
the size of the microdomain. For the first particle in the
microdomain, a window at this distance will lie in the center
of the microdomain, where there is a high density of G
protein. However, for a particle in the middle of the domain
Fig. 1. Model illustrating the method of data analysis for gold particles
distributed outside of virus budding sites. (A) Representative micrograph
of arbitrarily chosen area of plasma membrane of VSV-infected cell at 4.5
hpi. Distance measurements made along the trace of the membrane (black
line) between each gold particle (open circle) are indicated. (B) Gold
particle distribution in the plasma membrane as viewed from above. The
black dots represent the gold particles that label the G protein at the cell
surface; the gray circular areas indicate membrane microdomains that
contain high concentrations of the G protein surrounded by the white areas
containing a low concentration of G protein; the thin white rectangle
represents the thin sections of the cells that are analyzed by electron
microscopy. The boxes throughout the white rectangle represent the 20-nm
windows used to analyze the pairwise distance measurements between the
gold particles. (C) Predicted graph of G protein partitioning into a mem-
brane microdomain of one size. (D) Predicted graph of G protein parti-
tioning into membrane microdomains of two different sizes.
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or toward the right edge of the domain, the window will lie
in an area that is outside of the microdomain where there is
a low density of G protein. The average of these two
possibilities results in a data point in Fig. 1C that is halfway
between the y-intercept and the average density of G pro-
tein. Extrapolation of the y-intercept and the halfway point
creates a straight line that will intersect the average density
at a value that is equal to the diameter of the G protein
microdomain.
A single line of negative slope that intersects the average
density is the shape of the curve that is expected if G protein
partitions into a microdomain of only one size. However, it
is also possible that G protein may partition into at least two
microdomains of different sizes. In this scenario, the
straight line that intersected the average density in Fig. 1C
will be converted to a curve consisting of two straight lines
with different slopes (Fig. 1D). The first change in slope
will represent the diameter of the smaller microdomain
(Microdomain 1), whereas the second change in slope will
represent the diameter of the larger microdomain (Microdo-
main 2). Heterogeneity in the sizes of membrane microdo-
mains will lead to a family of straight lines with slightly
different slopes, giving the appearance of a smooth curve
without a dramatic change in slope. The number of changes
in slope was determined statistically by a least-squares fit of
the data to 0, 1, or 2 changes in slope. Data sets with more
than 2 changes in slope were too difficult to distinguish
statistically, so a smooth curve was considered the proper
representation of those data sets.
G protein is organized into membrane microdomains
outside of virus budding sites that change in size during
infection
The pairwise distance measurement analysis described in
Fig. 1 was applied to VSV-infected cells at 4.5 hpi (Fig.
2A). The average density of G protein in the plasma mem-
brane was determined from the 50 micrographs to be 0.08
particles/20 nm. This value is represented by the horizontal
dashed line in Fig. 2B. Only a single dramatic change in
slope was observed at about 100–150 nm (arrow, Fig. 2A).
However, densities slightly higher than the average ex-
tended to at least 1000 nm. This indicates that much of the
G protein is predominantly organized into microdomains
with a diameter of 100–150 nm, with smaller amounts of G
protein distributed into microdomains of larger sizes. As
shown in the appendix, the density at the y-intercept (ap-
proximately 0.35 particles/20 nm) establishes a lower limit
for the density of gold particles within the 100- to 150-nm
microdomain.
Increasing the level of expression of a protein in the
plasma membrane can either result in an increase in the
density of the protein in its preferred membrane microdo-
main or result in a wider distribution of the protein into
different membrane microdomains. These possibilities were
distinguished by analyzing the distribution of gold particles
on VSV-infected cells at 8 hpi (Fig. 2B). This time is
relatively late in the virus assembly process, in which there
is a greater accumulation of G protein at the cell surface.
The average density of G protein in the plasma membrane
of VSV-infected cells at 8 hpi was determined from analysis
of 50 micrographs to be 0.29 particles/20 nm (Fig. 2B,
horizontal dashed line). This average concentration of G
protein was approximately 3-fold higher than that found at
4.5 hpi (Fig. 2A, horizontal dashed line). At 8 hpi, it was
difficult to discern a dramatic change in slope in the distri-
bution of distances between gold particles. This indicates
that G protein was distributed among membrane microdo-
Fig. 2. Analysis of G protein in areas of plasma membrane that exclude
virus budding sites. BHK cells were infected with VSV at an MOI of 20
PFU/cell. At 4.5 hpi, cells were fixed and labeled with the anti-VSV G
protein monoclonal antibody followed by a secondary goat anti-mouse
antibody conjugated to 5-nm gold beads. Cells were processed for thin
section electron microscopy. A series of 50 electron micrographs of arbi-
trarily chosen areas of plasma membrane that exclude virus budding sites
were collected from the VSV-infected cells analyzed at 4.5 and at 8 hpi.
Negatives were digitized with a scanner. Micrographs were analyzed by
tracing the plasma membrane from the left side of the image to the right,
while registering each gold particle that was encountered in the trace. The
data from these micrographs were converted to pairwise distance measure-
ments between all the gold particles in a micrograph as described in the
appendix and were plotted as a histogram with the density of gold particles
on the y-axis vs the distance between gold particles on the x-axis displayed
as successive 20-nm windows. The horizontal line represents the average
concentration of G protein in the plasma membrane. The solid black line
drawn through the data points indicates the best-fit line for the data. (A) 4.5
hpi; arrow points to change in slope. (B) 8 hpi.
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mains of many different sizes. G protein still appeared to be
present in microdomains similar to those at 4.5 hpi, since
the distance distribution still increased at values less than
200 nm. The difference between 4.5 and 8 hpi was that the
relative amounts of these domains had changed. Even
though the average density of G protein in the plasma
membrane at 8 hpi was approximately 3-fold higher than
that at 4.5 hpi, the y-intercept of the histogram for 8 hpi is
only slightly higher than that for 4.5 hpi. This indicates that
G protein was not organized into the same 100- to 150-nm
microdomains with a higher concentration, but instead, was
populating many different microdomains with a wider va-
riety of sizes. From these data, we conclude that the G
protein partitions preferentially into membrane microdo-
mains with a diameter of approximately 100- to 150-nm
outside of virus budding sites at 4.5 hpi. At late times
postinfection, when the G protein had accumulated to
higher levels at the cell surface, G protein was distributed
among microdomains of many different sizes.
Size of G protein-containing membrane microdomains
involved in VSV budding
An earlier immunoelectron microscopy study (Odenwald
et al., 1986) showed examples of VSV budding from both G
protein-enriched membrane microdomains that were larger
than virus envelopes and from microdomains that were
smaller than virus envelopes, suggesting that VSV can bud
from both the 100- to 150-nm microdomains and the larger
microdomains identified in Fig. 2. We undertook a quanti-
tative analysis of immunoelectron microscopic data to de-
termine the sizes of G protein-enriched membrane microdo-
mains involved in VSV assembly and to determine the
distribution of budding sites among different types of mem-
brane microdomains. BHK cells were infected with VSV,
and at 4.5 h postinfection, cells were fixed and immunola-
beled with an antibody against the G protein and a second-
ary antibody conjugated to 5-nm gold beads. 25 electron
micrographs of arbitrarily chosen VSV budding sites were
collected in each of two separate experiments (50 micro-
graphs total). These 50 micrographs contained a total of 77
budding sites. Criteria for identifying virus budding sites
were (1) electron density created by the tightly coiled nu-
cleocapsid-M protein (NCM) complex, (2) extension into
the extracellular space, and (3) visible attachment to a cell.
A representative micrograph is shown in Fig. 3A. The
densely stained NCM complex is clearly visible, as is the
attachment of the budding virus envelope to the cell mem-
brane. The envelope contains a high density of gold parti-
cles, while the surrounding membrane contains a low den-
sity. The micrographs were analyzed by measuring the
distance of each gold particle from the center of the leading
edge of the budding virion to a distance of about 1 m on
each side. To account for variation in the membrane orien-
tation relative to the plane of the section, gold particles were
considered associated with the virus envelope or surround-
ing membrane if they were within 30 nm of the edge of the
membrane profile. The results of the quantitation are shown
in Fig. 3B as the density of gold particles vs distance from
the center of the budding site in 20-nm increments. The
results of the two independent experiments were in good
agreement, so this graph includes combined data from both
experiments. The average density of G protein in the plasma
membrane as determined from areas of plasma membrane
that did not contain virus budding sites in Fig. 2A (0.08
particles/20 nm) is represented by the horizontal dashed line
in Fig. 3B. The vertical dashed line represents the average
length of the virus envelope in all budding sites analyzed,
Fig. 3. Analysis of VSV budding sites at 4.5 hpi. BHK cells were infected
with VSV and G protein was immunogold-labeled as in Fig. 2 at 4.5 hpi.
(A) Representative micrograph of a VSV budding site. Bar  100 nm. (B)
Results of quantitation of gold particle distribution at VSV budding sites.
A series of 50 electron micrographs of arbitrarily chosen VSV budding
sites were collected from two separate experiments. Negatives were digi-
tized with a scanner and the micrographs were analyzed by measuring the
distance of each gold particle from the center of the leading edge of the
virus budding site to a distance of 1 m on each side. The average data
from the two experiments were plotted as a histogram of the density of gold
particles on the y-axis vs the distance from the center of the budding site
in 20-nm increments on the x-axis. The average density of G protein in the
plasma membrane (horizontal dashed line) was determined from 50 mi-
crographs of arbitrarily chosen areas of plasma membrane that did not
contain virus budding sites. The average length of the virus envelope
(vertical dashed line) was determined by tracing the membrane from the tip
of the budding virion to the end of the electron density of the densely
stained NCM complex. Arrow indicates distance at which density equals
the average density outside of budding sites.
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153 nm, as defined by the end of the densely stained NCM
complex. Therefore, data points to the left of the vertical
dashed line arise from gold particles that appeared to be
associated with the virus envelopes.
The results indicate that the highest densities of gold
labeling were observed in the membrane that was to become
the virus envelope, ranging from 1.04 particles/20 nm at the
tip to 0.49 particles/20 nm at the base. However, densities of
gold particles higher than the average extended beyond the
base of the virus envelopes. Densities higher than average
were estimated to extend approximately 300–400 nm from
the center of the budding site (arrow in Fig. 3B), beyond
which the density approached the average in the entire
membrane. These data indicate that G protein is enriched at
VSV budding sites in microdomains that can extend approx-
imately 300–400 nm from the tip of the budding site.
Furthermore, as reported earlier (Odenwald et al., 1986) the
concentration of G protein at the tip of the budding virion
was greater than that at the base.
VSV often buds from membrane microdomains that are
smaller than the virus envelope
We compared quantitatively the density of G protein in
budding virus envelopes to that in areas of plasma mem-
brane immediately adjacent to the budding sites. For exam-
ple, if some virions bud from microdomains that are smaller
than virus envelopes, these virions should have a low con-
centration of G protein in the membrane immediately sur-
rounding the virus envelope compared to that in the virus
envelope. The number of gold particles in the surrounding
120 nm of membrane immediately outside each side of the
virus envelope was determined for all budding sites in the
data set. The data were plotted as a histogram showing the
number of budding sites on the y-axis as a function of the
density of G protein labeling in the surrounding membrane
on the x-axis (Fig. 4A). Since the average density of G
protein in the plasma membrane was 0.08 particles/20 nm
(Fig. 3), the average density of G protein in 240 nm of
membrane (120 nm two sides of virus envelope) was 0.96
particles/240 nm. Virions budding from areas of membrane
with this average or lower (0 or 1 particle/240 nm) were
considered to have low density in the surrounding mem-
brane. The remaining budding sites were categorized as
having intermediate (2 or 3 particles/240 nm), and high
(greater than 3 particles/240 nm) densities in the surround-
ing membrane. Approximately the same percentage of virus
particles budded from areas of membrane that contained
low, intermediate, and high densities of G protein, 33, 27,
and 40%, respectively. These data suggest that virus bud-
ding does not occur preferentially from areas of membrane
with low, intermediate, or high density of G protein outside
of the budding site. This result suggests that once a critical
level of G protein is reached, virus budding occurs irrespec-
tive of the density of G protein in the surrounding mem-
brane.
Fig. 4B shows the number of gold particles within the
virus envelopes of virions budding from low, intermediate,
and high densities of G protein surrounding the virus enve-
lope. There was not a striking correlation between the num-
ber of gold particles within the virus envelope and the
density of G protein in the area of membrane immediately
surrounding the virus envelope. The amount of G protein in
the surrounding membrane varied by more than 4-fold (low
density vs high density as seen in Fig. 4A) with only a slight
change in the amount of G protein found in the virus
envelope, from 10 particles per envelope in low-density
areas of membrane to 13 particles per envelope in high-
density areas of membrane. These data indicate that in-
creased density of G protein in the surrounding plasma
membrane did not result in a corresponding increase in the
amount of G protein incorporated into budding virus parti-
cles.
Fig. 4C is a comparison of the amount of G protein in the
20 nm on either side of the tip of the budding virion (gray
bars) and the amount of G protein in the 20 nm on either
side of the base of the budding virion (black bars) as a
function of the density of G protein in the membrane that
immediately surrounds the virus envelope. More G protein
was always found at the tip of the virus envelope than at the
base, regardless of the density of G protein in the area of
membrane that surrounds the virus budding site. Since there
was consistently more G protein at the tip of the budding
virus compared to the base, these data suggest that the tip of
the virus envelope is almost always within a membrane
microdomain containing a high concentration of G protein.
However, the microdomain containing G protein extends to
the base of the virus envelope on a less consistent basis,
suggesting both that VSV often buds from microdomains
that are smaller than the virus envelope and that VSV often
buds from an edge of the microdomain so that the microdo-
main does not extend to the base.
Further evidence that VSV often buds from membrane
microdomains that are smaller than the virus envelope was
obtained by analyzing the asymmetry of G protein labeling
in virus envelopes. In the micrograph in Fig. 3A, it is
evident that there is more labeling for G protein on the left
side of the virus envelope than there is on the right side.
This asymmetric distribution indicates that the area of mem-
brane with a high G protein concentration is not sufficient to
cover the entire virus envelope. To determine how often the
phenomenon of a greater density of G protein on one side of
the virus envelope occurs, the ratio of the density of gold
particles on the left side of the virus envelope to the right
side, or vice versa, was calculated and is shown in Fig. 4D.
Left/right density ratios 1 were inverted so that all ratios
were 1, and the distribution was plotted as a histogram in
the graph in Fig. 4D. A ratio greater than 2 was defined as
asymmetry. We considered that ratios as high as 2 could
arise from statistical variation or from electron microscopy
artifacts such as tangential sectioning. For example, statis-
tical variation for an average of 6 gold particles per side
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could range from 4 to 8 (6  6), or a severe tangential
section might remove half of the label from one side of the
virus envelope. Therefore, a ratio less than or equal to 2 was
considered to be indicative of symmetry. Fig. 4D shows that
68% of budding sites contained a symmetrical distribution
of gold particles within the virus envelope. According to our
model (described in more detail under Discussion), these
budding sites can be generated in two ways: either VSV
buds from microdomains that are large enough to cover the
entire virus budding site or VSV buds from microdomains
which are smaller than the virus envelope that exhibit an
even labeling across the tip of the virus budding site, be-
cause the virus buds near the center of the microdomain.
Thirty-two percent of budding sites contained an asymmet-
rical distribution of gold particles as defined by ratios higher
than 2 in Fig. 4D. According to our model, these budding
sites result from virus assembly near the edge of a microdo-
main, such that one side of the budding virion incorporates
G protein from the center of the microdomain, and the other
side incorporates G protein from both the edge of the mi-
crodomain and the non microdomain containing regions of
membrane. These data provide further support for the idea
that VSV often buds from microdomains that are smaller
than the virus envelope.
Increasing the density of G protein in the plasma
membrane has relatively little effect on the density of G
protein in the virus envelope
To determine if higher levels of G protein expression in
the plasma membrane would lead to an increased density of
G protein in the virus envelope, the same immunogold-
labeling EM analysis was applied to VSV budding sites at 8
hpi, a time at which the average density of G protein at the
cell surface is 3-fold higher than that at 4.5 hpi. Fig. 5A is
Fig. 4. VSV often buds from membrane microdomains that are smaller than
the virus envelope. (A) The number of gold particles in the surrounding
membrane immediately outside the virus envelope. The density of G
protein in 120 nm of membrane immediately outside the two sides of the
virus envelope was determined from the data collected in Fig. 3. Data are
shown as a histogram of the number of gold particles in 240 nm of
membrane (120 nm  two sides of virus envelope) on the x-axis versus the
number of budding sites on the y-axis. Budding sites were categorized as
having low (0 or 1 particle/240 nm), intermediate (2 or 3 particles/240 nm),
or high (greater than 3 particles/240 nm) densities in the surrounding
membrane. (B) The density of gold particles within the virus envelopes is
shown for virions budding from low, intermediate, and high densities of G
protein surrounding the virus envelope (data shown are means  SEM, to
represent the errors in small numbers of gold particles determined a large
number of times). (C) The amount of G protein in the 20 nm on either side
of the tip of the budding virion (gray bars) and the amount of G protein in
the 20 nm on either side of the base of the budding virion (black bars) is
shown as a function of the density of G protein in the membrane that
immediately surrounds the virus envelope (means  SEM). (D) The
asymmetry of G protein labeling in virus envelopes. The ratio of the
density of gold particles on the left side of the virus envelope to the right
side, or vice versa, was calculated and is shown on the x-axis. The number
of budding sites containing each range of ratios is shown on the y-axis.
Left/right density ratios 1 were inverted so that all ratios were 1. A
ratio greater than 2 was defined as asymmetry, whereas a ratio less than or
equal to 2 was defined as statistical variation and was therefore considered
to be indicative of symmetry.
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a graph comparing the distribution of G protein in VSV-
infected cells at 4.5 and 8 hpi. The solid vertical line
represents the average length of the virus envelope in all
budding sites analyzed at 8 hpi, 138 nm, which was similar
to that at 4.5 h (dashed vertical line). The solid horizontal
line represents the average concentration of G protein in the
plasma membrane of VSV-infected cells at 8 hpi, 0.29
particles/20 nm. Even though the average density of G
protein was 3-fold higher at 8 hpi compared to 4.5 hpi, there
was little difference in the levels of G protein found in the
virus envelope or in the immediately surrounding mem-
brane. This was evident by the finding that at both time
points, there was a similar high density of G protein found
at the tip of the budding virion with concentrations higher
than that of the average extending out to approximately
300–400 nm. The average density of G protein labeling in
budding virions was 0.75 gold particles/20 nm at 4.5 hpi and
0.85 particles/20 nm at 8 hpi. These data indicate that
increasing the level of G protein in the plasma membrane
had relatively little effect on the level of incorporation of G
protein into the virus envelope or into membrane microdo-
mains from which VSV buds, consistent with the results in
Fig. 4B. Instead, the increased level of G protein in the
plasma membrane resulted in a wider distribution of G
protein within the membrane. This can be seen in a repre-
sentative micrograph of VSV budding from the plasma
membrane of a VSV-infected cell at 8 hpi (Fig. 5B). Com-
paring this micrograph to the micrograph in Fig. 3A (4.5
hpi), there was a high density of G protein within the virus
envelope in both micrographs. However, it is evident that
the G protein was more widely distributed throughout the
surrounding membrane at 8 hpi compared to 4.5 hpi.
The observation that increasing the level of G protein
expression had only a small effect on the incorporation of G
protein into virus envelopes was confirmed by SDS-PAGE
analysis of G protein incorporation into virus particles.
Cells were infected with VSV in the presence of 35S-me-
thionine for either 4.5 or 8 h. Cells were labeled continu-
ously so that all viral proteins were radioactively labeled to
uniform specific activity. At 4.5 or 8 h, labeled media were
removed, and cells were washed to remove all previously
budded virus as well as the remaining 35S label and then
incubated for 30 min in media lacking 35S. Following this
30-min period, virus-containing supernatants were collected
and virions were purified by centrifugation over a sucrose
cushion. Purified virions were analyzed by SDS-PAGE and
phosphorescence imaging (Fig. 6). The image in Fig. 6A
shows that more virus was released at 8 hpi compared to 4.5
hpi, but that there was little difference in the amount of G
protein found in virions compared to other viral proteins.
Data from 3 independent experiments were quantitated and
are shown in Fig. 6B as the ratio of G protein to M protein
in virions. The amount of G protein incorporated into viri-
Fig. 6. SDS-PAGE analysis of G protein incorporation into virus particles.
BHK cells were infected with VSV in the presence of 35S-methionine. At
4.5 or 8 hpi, cells were washed to remove previously budded virus and the
35S-methionine label and then incubated at 37°C for 30 minutes in media
lacking 35S. Virus-containing supernatants were collected and virions were
purified over a 15% sucrose cushion. Purified virions were analyzed by
SDS-PAGE and phosphorescence imaging. (A) Representative phospho-
rescence image. Viral protein bands are indicated. (B) Quantitation of G
protein to M protein ratio at 4.5 and 8 hpi. Data are presented as the
average of 3 experiments with standard deviations.
Fig. 5. Analysis of VSV budding sites at 8 hpi. The same immunogold-
labeling EM analysis used in Fig. 3 was applied to VSV budding sites at
8 hpi. (A) Graph comparing the distribution of G protein in VSV-infected
cells at 4.5 hpi (closed circles) and 8 hpi (open circles). The horizontal lines
represent the average concentration of G protein in the plasma membrane.
The vertical line represents the average length of the virus envelope in all
budding sites analyzed. 4.5 hpi, dashed lines; 8 hpi, solid lines. (B) A
representative micrograph of a VSV budding site at 8 hpi. Bar  100 nm.
350 E.L. Brown, D.S. Lyles / Virology 310 (2003) 343–358
ons increased only slightly between 4.5 and 8 hpi, from a
G/M ratio of 0.38  0.06 to a value of 0.60  0.01. The
small change in G/M ratio is consistent with the results of
the electron microscopy analysis (Fig. 5), in which the
labeling of G protein in the envelope of budding virions
increased slightly between 4.5 and 8 hpi, from 0.75 to 0.85
particles per 20 nm.
Discussion
We have developed a new method for the analysis of
immunoelectron microscopy data to detect the organization
of plasma membrane proteins into membrane microdo-
mains. This method is particularly important for the analysis
of proteins that are not raft associated, since few methods
currently exist to analyze microdomains containing such
proteins. Previous immunoelectron microscopy data have
shown examples of VSV budding from G protein-contain-
ing membrane microdomains (Odenwald et al., 1986). Two
models of virus assembly have been proposed to explain the
budding of VSV from these G protein-containing microdo-
mains. In one model, the NCM complex recruits G protein
to the site of virus budding and G protein-containing mem-
brane microdomains are formed during the assembly of the
virus envelope. In the second model, the G protein first
organizes into membrane microdomains and then recruits
the NCM complex to the sites of virus assembly. In the
experiments presented here, immunogold-labeling electron
microscopy was used to analyze the distribution of the G
protein in areas of membrane that exclude virus budding
sites, as well as at the site of virus budding to address the
following questions: (1) Do G protein-containing microdo-
mains form outside of virus budding sites? (2) Does the
organization of G protein into microdomains change during
infection? (3) Do G protein-containing microdomains
formed outside virus budding sites resemble those that are
observed in the budding virus envelope in both density and
size?
Results of the analysis of the distribution of G protein in
areas of membrane that exclude virus budding sites at 4.5
hpi indicated that G protein partitions into membrane mi-
crodomains outside of virus budding sites that are approx-
imately 100–150 nm, with smaller amounts distributed into
larger microdomains (Fig. 2A). At 8 hpi, when the level of
G protein in the plasma membrane was 3-fold higher than
that at 4.5 hpi, more G protein was distributed among
membrane microdomains of different sizes, rather than be-
ing further concentrated into the 100- to 150-nm microdo-
mains (Fig. 2B).
When we compared the density of G protein in budding
virus envelopes to that in the surrounding plasma mem-
brane, we found that VSV budding occurred in G protein-
containing microdomains with a range of sizes, some of
which were smaller than the virus envelope (Fig. 4), others
of which extended in size to a maximum of 300–400 nm
from the tip of the virus budding site (Fig. 3). Microdomains
which were smaller than the virus envelope were similar in
both size and density to the 100- to 150-nm microdomains
observed outside of virus budding sites. Little if any corre-
lation could be made between the high density of G protein
in the virus envelope and the density in the surrounding
membrane (Fig. 4B). Also, the 3-fold higher density of G
protein in the plasma membrane at 8 versus 4.5 hpi had little
effect on the partitioning of G protein into the microdo-
mains that formed the virus budding sites (Fig. 5A). This
latter result is in quantitative disagreement with an earlier
report indicating that the density of G protein in the enve-
lope of VSV virions produced at later times postinfection is
approximately 3-fold higher than that in virions produced at
earlier times postinfection (Lodish and Porter, 1980). The
reason for the difference in results is not known. However,
we have confirmed our electron microscopy results by SDS-
PAGE analysis of the virions produced at 4.5 versus 8 hpi
(Fig. 6).
The data presented in this paper support a model for
virus assembly in which G protein partitions into membrane
microdomains that resemble virus envelopes in areas of
membrane outside of virus budding sites, and these mi-
crodomains serve as the sites of assembly of internal virion
components. Fig. 7 shows models of virus budding from the
100- to 150-nm microdomains that are the predominant
microdomains formed at earlier times postinfection (Fig.
7A), as well as larger microdomains, such as the 300- to
400-nm domains also observed during virus budding (Fig.
7B). The internal virion components are represented as the
tightly coiled NCM complex. Sometimes the process of
assembly of the NCM complex occurs in the center of G
protein-containing microdomains, in which case, G protein
is symmetrically distributed in the envelope of a budding
virion. If the virus buds near the center of the 150-nm
microdomain (Fig. 7A, arrow 1), the G protein-containing
region of membrane will not be large enough to cover the
entire virus budding site, so only the top portion of the virus
envelope will contain high densities of G protein. Virions
that bud in this manner contribute to the fact that the
average G protein density at the tip of the budding site is
greater than that at the base (Fig. 3B, 4C, and 5A). If the
virus buds from a 300-nm microdomain (Fig. 7B, arrow 3),
this microdomain should be large enough to cover most if
not the entire virus budding site. Hence, there should be a
high concentration of G protein throughout the entire virus
envelope.
However, sometimes the assembly of the NCM complex
occurs with the tip located away from the center of the G
protein-containing microdomain and results in an asymmet-
rical distribution of G protein within the newly formed virus
envelope. Whether the virus buds from the 150-nm domain
(Fig. 7A, arrow 2) or the 300-nm domain (Fig. 7B, arrow 4),
one side of the virus envelope will contain low densities of
G protein (right side in bottom diagrams), while the other
side will contain high densities (left side in diagrams).
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Virions that bud in this manner account for the fact that
approximately 30% of budding sites display a marked
asymmetry of G protein distribution on the two sides of the
virus envelope (ratios2 in Fig. 4D). Virions that bud away
from the center of these microdomains also contribute to the
fact that the average G protein density at the tip of the
budding site is greater than that at the base, since the
average for the two sides will be less than the density at the
tip. Budding away from the center of 300-nm microdomains
(Fig. 7B, arrow 4) accounts for the fact that G protein
densities higher than average extend to about 300–400 nm
from the tip of virus budding sites (Figs. 3B and 5A), which
corresponds to the diameter of these domains.
In the model in Fig. 7, G protein serves to recruit NCM
complexes to the sites of virus assembly either by direct
interactions of the G protein with the M protein or indirectly
by altering the structure of the membrane lipid bilayer as
proposed (Robison and Whitt, 2000). This model would
also be consistent with data showing that deletions or tem-
perature-sensitive mutations in the G gene reduce virus
budding by 10-fold or more (Knipe et al., 1977; Schnell et
al., 1997; Takada et al., 1997). The evidence for an inter-
action between G protein and M protein includes chemical
cross-linking experiments (Dubovi and Wagner, 1977) with
purified virions and our previous fluorescence experiments
using purified G protein and M protein or NCM complexes
(Lyles et al., 1992). Other data have shown that sequences
in the ectodomain of G protein are important for enhancing
virus budding (Robison and Whitt, 2000). Since M protein
does not span the membrane lipid bilayer (Lenard, 1996),
these results have led to the idea that G protein might
interact with M protein or NCM complexes indirectly
through alterations in the structure of the membrane lipid
bilayer (Robison and Whitt, 2000).
The mechanism by which G protein is concentrated into
membrane microdomains is not known. One possible mech-
anism involves lateral concentration of G protein in the
plasma membrane through interaction with internal virion
components. However, our data in other experiments show
that G protein is incorporated into membrane microdomains
that resemble virus envelopes when expressed in transfected
cells in the absence of other viral components (Brown and
Lyles, 2003). Thus the formation of G protein-enriched
membrane microdomains must involve either interactions
among G protein molecules or interaction of G protein with
host membrane components. Both host lipids and host pro-
teins have the potential to create membrane microdomains.
Membrane lipids can create domains through lipid-lipid
interactions. An example of such a domain is the sphingo-
lipid-cholesterol raft, which is defined by its characteristic
insolubility at low temperatures in low concentrations of
Triton X-100 detergent (Brown and London, 2000). Mem-
brane microdomains can also be created through lipid-pro-
tein interactions. Both integral and peripheral proteins have
been implicated in such interactions (Welti and Glaser,
1994). For example, a protein might associate with a par-
ticular class of phospholipids because of an affinity for a
specific head group. Alternatively, integral proteins selec-
tively sort to areas of membrane where the thickness of the
lipid bilayer matches the length of its hydrophobic segments
(Welti and Glaser, 1994).
In addition to lipid-protein interactions, proteins can also
participate in protein-protein interactions to form microdo-
mains. Integral membrane proteins can interact sterically or
specifically with other integral proteins to create a zone of
confinement, for example, by interacting with underlying
elements of the cytoskeleton (Sheets et al., 1995). Further-
more, there may be larger-scale levels of membrane orga-
nization than those studied here, which involved distances
1 m. For example, there may be differences in density
close versus far from the Golgi apparatus, or in the apical
versus basolateral surfaces. The cells analyzed here were
rounded as a result of the cytopathic effects of VSV. How-
ever, future studies in cells that retain more of their mor-
phological organization after infection should address this
possibility.
Previous data indicate that VSV buds predominantly
from microdomains that are distinct from sphingolipid-cho-
lesterol rafts (Scheiffele et al., 1999; Vincent et al., 2000;
Zhang et al., 2000). Interestingly, VSV is capable of form-
ing efficient pseudotypes with raft-associated proteins such
Fig. 7. Model of VSV budding from membrane microdomains enriched in
G protein. (A) Virus budding from the 100- to 150-nm microdomains that
are the predominant microdomains formed at earlier times postinfection.
(B) Virus budding from the 300- to 400-nm domains observed during virus
budding. The internal virion components are represented as the tightly
coiled NCM complex. Arrows 1 and 3 represent a model in which the
assembly of the NCM complex occurs in the center of G protein-containing
microdomains. In these cases, the G protein is symmetrically distributed in
the envelope of a budding virion. Arrows 2 and 4 represent a model in
which the assembly of the NCM complex occurs away from the center of
the G protein-containing microdomain. This results in an asymmetrical
distribution of G protein within the newly formed virus envelope.
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as the host protein CD4 and the influenza HA protein
(Kretzschmar et al., 1997; Schnell et al., 1998). Even though
the available evidence indicates that G protein associates
with different microdomains than CD4 and HA, this
pseudotyping can still be readily explained by the concepts
developed from our data. At early times postinfection, G
protein partitions predominantly into a single type of mi-
crodomain of about 100–150 nm. However, at later times
postinfection, when higher levels of G protein have accu-
mulated at the cell surface, G protein partitions into other
membrane microdomains. Therefore, the virus is capable of
budding from a variety of different microdomains at later
times postinfection. Some of these microdomains are likely
to be lipid rafts, and efficient pseudotypes containing resi-
dent raft proteins can easily be formed. The new method for
analysis of proteins in membrane microdomains described
in this paper will be used to test this hypothesis using
recombinant VSVs that express CD4 and HA.
Materials and methods
Immunogold-labeling electron microscopy
Wild-type (wt) VSV (Indiana serotype, San Juan strain)
was grown at 37°C in BHK cells in DMEM containing 2%
fetal bovine serum (FBS) as described (Lyles et al., 1996).
BHK cells were seeded in a 6-well dish to approximately
70% confluency. Cells were infected with wt VSV at an
MOI of 20 PFU/cell for 4.5 or 8 h. Cells were washed 3
times with phosphate-buffered saline (PBS), fixed with 4%
formaldehyde for 10 minutes, washed 3 times with PBS
containing 0.1 M glycine, and incubated in PBS containing
0.1 M glycine and 10% bovine serum albumin (BSA) at 4°C
overnight. Samples were incubated with a mouse anti-VSV
G protein monoclonal antibody, (Lefrancois and Lyles,
1982), or an isotype-matched control monoclonal antibody
for 1 h. Following 3 washes with PBS containing 10% BSA,
cells were labeled with a secondary goat anti-mouse IgG
antibody conjugated to 5- or 6-nm gold beads (Jackson
Immunoresearch Laboratories) for 1 h. Cells were then
postfixed in 1% osmium tetroxide for 15 min, washed 3
times in PBS, scraped from the dish, and collected by
centrifugation. Cells were embedded in Spurr resin using
the standard embedding method. Thin sections (80 nm) of
the embedded material were viewed using a Philips EM400
electron microscope operating at 80 keV. The optimal pri-
mary antibody concentration was determined by flow cy-
tometry analysis of cells labeled with titrated amounts of
primary antibody and fluorescein-labeled secondary anti-
body. The gold-conjugated secondary antibody used for
electron microscopy was adjusted to give low densities so
that nonspecific labeling in the negative control was not
detectable. Also, the low labeling density reduced the prob-
lem of interference between two beads separated by dis-
tances 10 nm. We estimate that on average, each gold
particle represents 10 G protein trimers. This figure was
derived from the total labeling of budding virus envelopes
in Fig. 3 to a distance of 240 nm (estimate of half the
circumference of a released virus particle) and assuming
300 G protein trimers per envelope, of which approximately
half would be captured in an 80-nm thin section.
Analysis of areas of plasma membrane that exclude virus
budding sites
A series of 25 electron micrographs of arbitrarily chosen
areas of plasma membrane of VSV-infected cells that ex-
clude virus budding sites were collected in two separate
experiments (total of 50 micrographs). Virus-infected cells
were identified by the presence of virus budding sites at the
cell surface. Once a cell was identified as infected, the X-Y
position controls were adjusted toward the opposite side of
the cell until the plasma membrane was encountered, then
the photograph was taken. Magnification of micrographs
was 43,000. Negatives were digitized, and ImagePro 3.0
software (Media Cybernetics) was used to trace the plasma
membrane from the left side of the image to the right, while
registering each gold particle that was encountered in the
trace. Gold particles were considered to be associated with
the plasma membrane if they were within approximately 30
nm of the visible edge of the membrane. The data were
transferred to a Microsoft Excel spreadsheet as the distances
between successive gold particles. The average density of
the gold particles in these micrographs was determined by
dividing the total number of gold particles by the total
length of plasma membrane analyzed. To analyze the orga-
nization of G protein in microdomains, the data from these
micrographs were converted to pairwise distance measure-
ments between all the gold particles in a micrograph as
described in the appendix. The data from all micrographs
were compiled into a single Microsoft Excel spreadsheet
and were plotted as a histogram with the number of gold
particles in a 20-nm window on the y-axis vs the distance
between gold particles on the x-axis displayed as successive
20-nm windows. The y values were converted to average
densities by dividing the number of gold particles at each
distance by the number of gold particles at least that dis-
tance from the right side of the micrograph as described in
the appendix. The number of changes in slope in each graph
was determined by least-squares analysis by fitting the data
to one, two, or three straight lines (0, 1, or 2 changes in
slope, respectively) using Mac Curve Fit 1.1.2 (Kevin Raner
Software). A minimum of a 2-fold decrease in the sum of
the squares was required to characterize a graph as having
two changes in slope vs one.
Analysis of virus budding sites
A series of 25 electron micrographs of arbitrarily chosen
VSV budding sites were collected from two separate exper-
iments (total of 50 micrographs). Each micrograph was
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obtained from a separate cell. Cells for which the section
included the nucleus were chosen arbitrarily at low magni-
fication (4300); the plasma membrane was scanned at
high magnification (43,000) until a budding site was en-
countered, and the photograph was taken. Criteria for iden-
tifying virus budding sites were (1) electron density created
by the tightly coiled nucleocapsid-M protein (NCM) com-
plex, (2) extension into the extracellular space, and (3)
visible attachment to a cell. Magnification of micrographs
was 43,000. Negatives were digitized with a scanner and
the micrographs were analyzed with Image Pro 3.0 software
(Media Cybernetics). The center of the leading edge of the
virus budding site was identified as the point of maximum
extension from the plasma membrane. The distance from
this point to each gold particle within a distance of 1 m on
each side was measured along the trace of the plasma
membrane. Gold particles were considered to be associated
with the plasma membrane if they were within approxi-
mately 30 nm of the visible edge of the membrane. Since
several micrographs contained more than one virus budding
site, the actual number of budding sites analyzed in the 50
micrographs was 77 at 4.5 hpi and 72 at 8 hpi. For budding
sites separated by distances 2 m, the distance between
them was divided at the midpoint. The data for the distances
of each gold particle from the tip of the budding virus were
compiled into a single Microsoft Excel file and were plotted
as a histogram of the density of gold particles on the y-axis
vs the distance from the center of the budding site in 20-nm
increments on the x-axis. The y values were converted to
average densities by dividing the number of gold particles at
each distance by the number of budding sites that contained
data at that distance. The length of the virus envelope was
determined by tracing the membrane from the tip of the
budding virion to the end of the electron density of the
densely stained NCM complex. The left and right sides of
the virus envelope were measured separately.
SDS-PAGE analysis of virions
BHK cells were grown to approximately 70% confluency
in a 6-well dish. Cells were infected with VSV at an MOI of
10 PFU/cell in the presence of 100 Ci/ml 35S-methionine.
At 4.5 and 8 h postinfection, cells were washed 3 times with
PBS to remove previously budded virus and the 35S-methi-
onine label. Cells were then incubated in 0.5 ml DMEM
containing 2% FBS for 30 min at 37°C, and the culture
supernatants were collected. Supernatants were centrifuged
at 2000 rpm for 5 min at 4°C to remove cellular debris and
then were centrifuged over a 15% sucrose cushion at 50,000
rpm for 40 min in a Beckman TLS-55 rotor. Virus pellets
were resuspended in a total volume of 100 l of 0.1%
sodium dodecyl sulfate (SDS) and were analyzed by SDS-
PAGE (polyacrylamide gel electrophoresis) on 10% poly-
acrylamide gels. Gels were fixed, dried, and analyzed by
phosphorescence imaging using Quantity One software
(BioRad).
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Appendix: Distance distribution analysis of gold
particles that label G protein in cell plasma
membranes
We developed a new analytical method to determine the
sizes of plasma membrane microdomains containing G pro-
tein. Briefly, in each experiment, 25 micrographs were col-
lected of arbitrarily chosen areas of plasma membrane out-
side of virus budding sites. Pairwise distance measurements
along the trace of the plasma membrane were made between
every gold particle in each micrograph. These distances
were then tabulated and plotted as a histogram of the num-
ber of gold particles separated by a given distance on the
y-axis versus the distance of separation on the x-axis. If G
protein is not organized into microdomains, the distribution
of gold will be random, as will the separation between
particles. In this case, the histogram will be flat, with all
values equal to the average density of gold particles in the
membrane. However, if G protein is organized into mi-
crodomains of discrete size, there will be more gold parti-
cles separated by short distances than long distances. In the
histogram, distances smaller than the size of the microdo-
main give rise to numbers of gold particles (y values)
greater than the average. This appendix (1) describes the
method of analysis, (2) derives a mathematical expression
for the simplest type of microdomain, and (3) discusses the
effects on the analysis of more complicated cases.
1. Method of analysis
For each gold particle, the distance along the trace of the
plasma membrane was measured to all gold particles on its
right, as shown in Fig. 4A. The data from all 25 micrographs
in an experiment were plotted as a histogram of the number
of gold particles separated by a given distance on the y-axis
versus the distance of separation on the x-axis, in 20-nm
increments (histogram of raw data). These raw data were
normalized to convert the y values to average densities. The
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data were normalized by dividing each raw data point by the
total number of gold particles analyzed. However, the total
number of gold particles analyzed was not the same for all
the possible distances of separation. This is because a gold
particle near the edge of a micrograph cannot reveal
whether there are gold particles beyond the edge of the
micrograph. For example, if a particle is 500 nm from the
edge of a micrograph, there is no way to determine whether
it is separated from other particles by distances 500 nm.
To account for this problem, it was necessary to measure the
distance of each gold particle to the right edge of the
micrograph along the trace of the plasma membrane. Then
for each window in the histogram of raw data, the y value
was divided by the number of gold particles that were at
least that distance from the edge. For example, in one
experiment at 4.5 hpi, 146 pairs of gold particles were
separated by a distance 20 nm and 40 nm. In the his-
togram of raw data, the window 20 nm and 40 nm is
plotted as x  40 and y  146. Similarly, there were 30
pairs of gold particles separated by a distance 980 nm and
1000 nm, so in the histogram of raw data, x  1000 gave
y  30. However, there were 402 gold particles that were at
least 40 nm from the edge of a micrograph, but only 271
particles that were at least 1000 nm from the edge. There-
fore, the raw y value for x  40 nm was divided by 402
(146/402  0.36), and the raw y value for x  1000 nm in
the same histogram was divided by 271 (30/271  0.11).
Since the window (increment) size on the x-axis of the
histogram was 20 nm, the units for the normalized y data are
particles/20 nm.
As a result of the normalization, each y value in the
histogram of normalized data can be viewed as the density
of gold particles found at a distance x from the average gold
particle. In the example calculation, the normalized y value
for x  40 nm (0.36 particles/20 nm) is greater than the
value for x  1000 nm (0.11 particles/20 nm), because there
are more particles separated by 40 nm than there are parti-
cles separated by 1000 nm. As a result, we can conclude that
the average density of gold particles 40 nm away from the
average gold particle is 3-fold higher (0.36/0.11  3) than
the average density 1000 nm away. In the next section, a
mathematical expression to describe this average density is
derived.
2. Derivation of a description of the simplest case
An expression for the average density of gold particles
(y) as a function of distance between gold particles (x) was
derived by making the following simplifying assumptions.
More complicated cases will be considered in the next
section. (1) G protein is present in only two types of envi-
ronments, at high concentration within membrane microdo-
mains or at low concentration outside of microdomains. (2)
The shape of the microdomains is circular. (3) Microdo-
mains are always sectioned through their widest points, as
shown in Fig. 4B. (4) The separation between microdo-
mains is random. This system can be described by four
independent parameters: the diameter of the microdomains
(D1), the density of G protein labeling within the microdo-
mains (d1), the density of G protein labeling outside the
microdomains (d0), and the fraction of G protein within the
microdomains (f1). The fraction of G protein outside the
microdomains, f0( 1  f1) and the average density of G
protein labeling in the membrane as a whole, dav, can be
calculated from these parameters.
Let G(x) be a function that describes the density of G
protein labeling that is found at a distance x from the
average gold particle (i.e., G(x) gives the y values in the
histogram of normalized data described in the previous
section). G(x) can be separated into two functions, g1(x) and
g0(x), where g1(x) and g0(x) are the densities at a distance x
from the average gold particle within a microdomain or
outside a microdomain, respectively:
G	 x
  f1 g1	 x
  f0 g0	 x
. (1)
For gold particles outside of a microdomain, some will be
close to a microdomain and some will be distant, so the
average density found at a distance x from these particles
will be the same at all x values, namely dav, the average
density in the membrane as a whole. Therefore,
g0	 x
  dav. (2)
For gold particles within microdomains, g1(x) will be a
discontinuous function, depending on whether x is greater
than or less than D1, the diameter of the microdomains. For
a distance x  D1 away from any gold particle within a
microdomain, this distance x will be either outside the
microdomain, or else in another microdomain. For these
values of x, the density function g1(x) will be the average
density in the membrane as a whole:
g1	 x
  davxD1. (3)
However, for x  D1, g1(x) is dependent on x as follows:
Let x be a window (increment) size that subdivides the
diameter of the microdomain into an integer number of
windows, I, so that I  D1/x. In our analysis, x  20 nm,
and in Fig. 1B. I  15 (the number of boxes drawn in the
thin section representation of the microdomain), but in prin-
ciple, x and I could be any value. Let i be the integer
values i  1, 2, 3, . . . I, and let x  i  x. Consider first
i  1. For 14 of the 15 windows in Fig. 1B, the density one
window to the right (i  1) is d1, but for the last window,
the density one window to the right is dav, so the average for
all 15 windows is:
g1	1  x
  	I  1
  d1 1  dav/I,
for i  1. (4a)
Likewise for i  2, 13 of the 15 windows in Fig. 1B will
have a density d1 two windows to the right, but the last two
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windows will have a density dav two windows to the right.
The average for the 15 windows becomes
g1	2  x
  	I  2
  d1 2  dav/I
for i  2. (4b)
Substituting i  x/x and I  D1/x into Eq. (4a) or (4b)
gives
g1	i  x
  g1	 x

 	I  i
  d1 i  dav/I
 	D1 x
  d1 x  dav/D1
 d1 	d1 dav
/D1  x. (4c)
Substituting Eqs. (2), (3), and (4c) into Eq. (1) gives
G	 x
  	 f1/D1
  	D1 x
  d1 x  dav  f0
 davxD1 and G	 x
  davxD1. (5a)
This equation is a linear function of x for x  D1, which
can be rearranged in the familiar form of y  mx  b as
follows:
G	 x
   	 f1/D1
  	d1 dav
/D1  x  f1 d1
 f0 davxD1 and
G	 x
  davxD1. (5b)
As illustrated in Fig. 1C, the first part of Eq. (5b) (x 
D1) gives a straight line of negative slope. This straight
line intersects dav when x  D1, the diameter of the
microdomain (substituting x  D1 into Eq. (5b) gives
G(x)  f1  dav  f0  dav  dav). Therefore, the point
at which the slope changes gives the diameter of the
membrane microdomains. The y-intercept is dependent
on the densities of G protein inside and outside of the
microdomains, as well as the fraction of G protein within
the microdomains: at x  0, G(x)  f1  d1  f0  dav.
If all of the G protein is within microdomains (f1  1),
then the y-intercept equals the density of G protein within
the microdomain. However, the presence of some G pro-
tein outside of microdomains will lower this value, so the
y-intercept actually places a lower limit on the density of
G protein in the microdomains.
3. Effects of more complicated cases
This section considers the effects on this analysis if these
simplifying assumptions are not true: (1) G protein is
present in only two types of environments, within mem-
brane microdomains or outside of microdomains. (2) The
shape of the microdomains is circular. (3) Microdomains are
always sectioned through their widest points. (4) The sep-
aration between microdomains is random.
G protein is present in more than two types of
environments
Suppose G protein exists in three different environments:
two different membrane microdomains with different diam-
eters, densities, and fractions of G protein (D1, d1, and f1 for
domain 1, and D2, d2, and f2 for domain 2) as well as G
protein outside of these microdomains. The same type of
analysis as that in the previous section shows that this model
gives two changes in slope as shown in Fig. 1D. The first
change in slope occurs at the diameter of the smaller mi-
crodomains (D1) and the second change in slope occurs at
the diameter of the larger microdomain (D2). If G protein is
distributed among membrane microdomains with more than
two different diameters, there will be a corresponding in-
crease in the number of changes in slope. This gives the
appearance of gradual changes in slope in a smooth curve
rather than the discontinuous changes predicted by the anal-
ysis. As an example, it is difficult to detect distinct changes
in slope in the data for cells infected with wt VSV at 8 h
postinfection (Fig. 2B), indicating that G protein was dis-
tributed among membrane microdomains with a variety of
different sizes.
The shape of the microdomains is not circular
The effects of this assumption can be understood by the
fact that the slopes of the lines, as well as the points of
intersection that define the changes in slope in Figs. 1C and
D, are dependent on the diameter of the membrane microdo-
mains (the smaller the diameter, the more negative the
slope). If there are minor irregularities in the shapes of
membrane microdomains, then sectioning through these ir-
regularities would have the appearance of sectioning
through membrane microdomains of slightly different di-
ameters. Therefore, if the irregularities are small relative to
the diameter of the microdomain (e.g., 10% of the diam-
eter), this would give rise to correspondingly small varia-
tions in the slope, which would not be detected in our
analysis. However, suppose the microdomains had an ellip-
tical shape, with a long axis and short axis that differ in
length. Sometimes the section will slice along the long axis,
and sometimes through the short axis, as well as all the
angles between the two. This would have the appearance of
microdomains with two different diameters (corresponding
to that of the long and short axes) as well as all of the
diameters in between. This gives rise to a smooth change in
slope between a slope corresponding to the long axis and a
slope corresponding to the short axis. Thus, a smooth curve
could result from both an elliptical shape as well as from the
multiple discontinuous changes predicted for microdomains
of multiple discrete sizes. For example, the changes in slope
in the data for 8 hpi in Fig. 2B, which we interpreted as
indicating multiple different sizes of membrane microdo-
mains, could have contributions from microdomains with an
elliptical shape.
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Microdomains are not always sectioned through their
widest points
Only rarely will a microdomain be sectioned across its
widest point. Instead, microdomains will be sectioned at a
variety of angles that will appear in the analysis as microdo-
mains with a range of different sizes. The diameter of the
membrane microdomain will appear as an average of all
these sections, and the variation in apparent diameter will
give rise to variations in slope, much like those caused by
variations in shape. The average length of a section through
a microdomain with a diameter D1 can be calculated from
the fact that each section represents a chord of a circle,
characterized by an angle . The angle  is formed by the
two ends of the chord and the center of the circle. The
formula for the length of a chord (I) is 1  D1  sin (/2).
The average length is calculated from the sum of the chord
lengths from all the possible angles into which a circle can
be subdivided, divided by the sum of all the possible sub-
divisions. The sum of the chord lengths is D1  02 sin
(/2) d  D1  [2 cos()  (2 cos(0)]  4D1. The
sum of all the possible subdivisions is 02 d  (2  0)
 2. Thus the average length of a chord lav  4D1/2 
0.64  D1. Therefore, the diameter of a circular microdo-
main measured in thin sections will be on average 64% of the
true diameter. Thus, in our analysis, changes in slope that occur
at 100 nm (e.g., Fig. 2A) are likely to be due to microdo-
mains whose diameter is closer to 150 nm (100 nm/0.64),
which we have described as 100–150 nm microdomains.
The separation between microdomains is not random
There are two types of nonrandom separation between
microdomains that have the potential to be detected in this
analysis. If there is a minimum distance by which microdo-
mains must be separated (e.g., as a result of repulsive forces
that keep them apart) then the density immediately outside
of a microdomain would be d0, which is lower than dav. This
would appear in our analysis as an extension of the straight
lines that define the microdomains to values below dav, the
average density of G protein labeling in the membrane as a
whole, and approaching d0, thus forming a dip in the curve.
Similarly, if microdomains are spaced at regular intervals,
the straight lines that define the microdomains will intersect
dav at the diameter of the microdomain, as before, but the
value of G(x) will rise above dav again at the distance of
separation between microdomains. Since neither of these
two types of curves were observed, the data presented here
are consistent with a random separation between G protein-
containing microdomains.
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